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The diffraction theory for the transmission of 
electromagnetic fields through a grid in a dielectric 
is derived and experimentally checked in the visible 
wavelength region. In the far infrared. an approximate 
mathematical representation is found to describe the grids 
in dielectrics. The empirical equations in the far infra-
red are combined with the electrical circuit-transmission 
line analog for inductive grids. Detailed structure of 
the transmittance versus wave number curves are presented. 
Then the theory of multielement grid filters is 
derived and compared with experiment. The properties of 
the filters can be predicted from a knowledge of the 
characteristics of the individual grids. The filters are 
treated as asymmetric Fabry-Perot interferometers coupled 
and in series. Room temperature and low temperature data 
for combination filters are presented. The fabrication 
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I . INTRODUCTION 
F th th . t 1-15 . f d . or e past 1r y years 1n rare spectroscop1sts 
have been using wire cloth and electroformed meshes. They 
have been employed as modest band pass filters in trans-
mission, long band pass filters in reflection, as elements 
of Fabry-Perot etalons, and most recently as components in 
multielement filters. 13 , 14 These applications have prompted 
us to obtain equations which describe diffraction of a 
collimated electromagnetic beam incident on a grid. Our 
empirical results were obtained in a different context than 
16 17 the two other treatments of the problem. ' 
Usi?g Kirchoff-Fraunhofer scalar diffraction theory, 18 , 19 
we have derived the equation describing the diffraction 
pattern as a function of the grid parameters, the wavelength, 
and diffraction angles. These results were experimentally 
checked at a wavelength of 6328 .A. and compared exactly' with 
20 21 the results of Schwerd as described by Hoover and Harris. 
In the far infrared, by extending the scalar theory 
past its limits of validity, we obtained empirical equations 
for the transmittance of grids. Since the results can only 
be viewed as a fortunate description, the development of the 
equations is deleted. Nevertheless, an analytic result was 
obtained which seems to. give the transmittance accurately at 
long wavelengths. The diffracted power is found only at 
wave numbers given by V/TI where V is an arbitrary positive 
integer. 
Prior to this work the simple grids were described 
empirically by Ulrich13 using transmission line theory. 
His equations describe the transmittances of "inductive" 
grids (such as wire screens) and their optically comple-
men tary s true tures, the 11 capacitive". grids. His constants 
were determined for each grid in terms of conductances and 
susceptances for equivalent electrical circuits shunted to 
ground from the transmission line. The strong point of 
his work for this paper is that he furnished the functional 
form of the equations for the reflected and transmitted 
amplitudes of all wavelengths above the diffraction peak. 
Therefore, by compari~g our work with his we were able to 
write general reflection and transmission expressions in 
terms of the arbitrary. grid parameters for all small wave 
numbers. 
We have the grids in an arbitrary non-absorbing medium 
and can, for later work, describe multielement grids in a 
d . 1 . 22 J.e ectrJ.c. Conservation of energy allows both reflection 
and transmission coefficients to be given for non-absorbing 
media. 
2 
We compared experimental transmittances with the 
empirical equations for both wire cloth23 and electroformed24 
meshes with the same periodicity factor. The results indi-
cate that cloth screens, because of their thickness and 
optimum wire diameter to periodicity ratios, make better 
si~gle element transmission filters. That is, there is an 
optimum opening diameter to wire diameter ratio that has 
not been previously mentioned. These results are simple 
to use for both single element optical devices and the 
much more complicated multielement grids. 
31 . 14 32 Recently, Renk, Genzel, Ulr~ch and others have 
been making multielement grid bandpass filters for the 
far infrared. At UMR, we have fabricated rugged multi-
element. grid filters which are embedded in and held together 
3 
by a dielectric (black polyethylene). These modest-band-pass 
filters are simple to make, flexible, small, and generally 
useful. 
Essentially the multielement. grid filters behave as 
t · p b p 1 l d d · . 31, 14, 18 asymme r1c a ry- erot eta ons coup e an 1n ser1es. 
The filter characteristics can be predicted by a knowledge 
of the transmission or reflection coefficient of the 
isolated, individual grids. 14 
The theory presented here for multielement filters is 
based on an optics approach and is complementary to the 
microwave filter treatment found in the book by Matthaei, 
34 
et al. The results in this paper are easy to program 
for the computer and include the case of the reflection 
elements in a dielectric. 
After theoretically describi?g the two, three, and four 
element filters, Ulrich's three and four grid filter experi-
ments are examined. Ulrich14 presented the experimental 
transmittance of these filters, and using his data, we 
compare our theory with his experimental results. 
II. SINGLE GRID THEORY AND EXPERIMENT 
A. Simple Diffraction Theory 
Consider a wire cloth defined by F~g. 1. The 
periodicity parameter is "g" and the diameter of the wire 
is "2a". Figure la is an "inductiven gr.id and F~g. lb is 
a "capacitive" grid in Ulrich's notation13 which seems as 
good a way as any to distinguish them. The capacitive 
grid is usually placed on very thin mylar to reduce 
dielectric absorption. 
For this section consider only the inductive. grid. 
We shall follow closely the description of Fraunhofer 
18 diffraction as outlined by Stone. The relative trans-
mitted amplitude will be calculated for an array of square 
apertures as shown in F~g. 2. 
Using the simple diffraction results of a single 
square aperture and the rectangular array factor of Stone's 
sections 7-5~ 7-6~ and 7-10, one has (a generalization of 
problem 9-5 in Stone can be used also): 
G (P) 1 = NM sinc(~a) sine(~~) 
{ 
N M -i21T[(j-l)ox + Ct-l)oyj. 
x I I e 
j=l R-=1 
(1) 
G(P) is the relative amplitude of the diffraction pattern 
at the point P produced by an array having N rows and M 
columns of square openi~gs. The terms in the arguments are 
4 
FIGURE la 
INDUCTIVE GRID. Labeled diagram of a wire 
screen~ cloth~ or electroformed mesh 
called an inductive. grid. 
FIGURE lb 
CAPACITIVE GRID. Labeled di~gram of an 
array of opaque squares supported by a 
transparent medium (such as 0.0001 inch 
mylar) called a capacitive grid. The 
capacitive. grid is the complement to an 






Fig. I a, ''lnductive 11 grid 
Fi g.l b, 11Capocitive" grid 
FIGURE 2 
AN INDUCTIVE GRID WITH PARAMETERS FOR 
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containing the source, grid, and observation point. A is 
the vacuum wavelength; and the diffraction angles are 
defined in Stone's Fig. 7-4. The sums are merely the 
d f . . 25 d h f" 1 1 . pro uct o two. geometr1c ser1es an t e 1na resu t 1s 
G (P) = 
exp{-in[(N-1)6 + (M-1)6 ]} 
X 
NM 
sin(Nrro ) sin(Mwo ) 
X 
x sinc(na) sinc(rrB) sin(rro ) sin(rro ) 
X y 
It should be noted that o and o are fully equivalent, X y 
(3) 
as are e 2 and ¢ 2, since there is complete symmetry about an 
axis thro~gh the center square. 
As a simple check at visible wavelengths, a 6328 A 
He-Ne laser beam was projected on electroformed grids 
7 
(since the laser beam is collimated, e 1 = ¢ 1 = 0). Very sharp 
peaks in jG(P) 1 2 were observed along axes in the diffraction 
patterns at TIO or TIO = m where m is an integer. Thus 
X y 
the sharpest peaks (for small diffraction angles) are 
separated by an angle given by (m = 1) 
>c t.ej =-= 
max . g 
0.6328 
g (J.l) 
Figure 3 is a log-log plot exhibiti?g this result. 
The sine functions {(sin x)/x =sine x] on the 
diffraction pattern symmetry axes will produce broad, 
weak minima at 
TI(m - 2 ~8 ) = m'TI 
where m' is an integer. Thus, the equation for broad 






The plots in Fig. 4 compare experiment and theory for the 
broad minima. The large errors in "2a" are due to 
fluctuation in the quality of the electroformed grids and 
a poor comparator. The large errors in (~8) are determined 
by visually being unable to locate a minimum accurately. 
Figures 3 and 4 amply justify the simple diffraction 
theory, and demonstrate a possible simple laser and dif-
fraction theory experiment for students. As a practical 
matter, the observation of the sharpness and symmetry of the 
diffraction pattern gives information about the quality of 
the grids. For instance, capacitive grids which had jagged 
8 
FIGURE 3 
ANGULAR SEPARATION OF DIFFRACTION PATTERN 
MAXIMA VERSUS GRID PERIODICITY. Plot of 
the angular separation between maxima in 
the diffraction pattern produced by induc-
tive_ grids versus the grid periodicity g. 
In the experiments a He-Ne laser was used 
with A = 6328 A. Dots are experimental 
using electroformed inductive grids; x's 
are experimental points using woven wire 
cloth inductive grid; and the solid line 
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ANGULAR SEPARATION OF DIFFRACTION 
PATTERN MINIMA VERSUS WIRE DIAMETER. 
Plot of the angular separation between 
the weakest~ broadest minima in the 
diffraction pattern produced by induc-
tive. grids versus the wire diameter. 
In the experiments a He-Ne laser was 
used with A = 6328 ~. The dots are 
experimental points using electroformed 
inductive grids; the x's are experi-
mental points usi~g woven wire cloth 
inductive. grids; and the solid line is 
the theoretical prediction from Eq. (6). 
















20 50 100 200 500 1000 
(g- (g-2al) = 2a (MICROMETERS) 
Fig. 4 
edges produced indistinct diffraction patterns. Also the 
agreement between theory and these experiments is good 
enough to warrant the use of a laser to determine g or 2a 
for future work. 
When a collimated incident beam is used, the relative 
amplitude of the diffraction pattern at a point P is given 
by Eq. (3). Thickness considerations are neglected, but the 
grid is well described by only the collected parameters 
- 3 (~gv) and k as predicted long ago. 
11 
For the use of. grids in the far infrared, only the flux 
in the forward direction is of any importance. The high 
order diffraction peaks are dispersed so much that they are 
outside of the acceptance angles of the collecting optics in 
almost all systems. For all angles equal to zero in Eqs. (2a) 
-(2d), all wave number dependence is lost in the expression 
for the transmittance in the forward direction. Thus, Eq. (3) 
is of no use in the far infrared. Moreover, when ~ ~. g, the 
scalar diffraction theory is past its limits of validity. 
Nevertheless, we averaged Eq.(3) over diffraction angles 8 2 
and ~ 2 setti~g e1 = ~l = 0 and obtained a useful empirical 
equation. Having performed the averaging over the whole half 
space (i.e., 8 2 and ~ 2 between 0 and TI/2), we had 
T (v) 
Tg 
= TCv) :::: T(v) 
T(visible) T(oo) 
"[2~:kk)r f~ + 1+(/)V sine [Vn~l-k)] (7) 
+ r sinc[{2v-l+(-l)v}~(l-k)~ 4 ' 
v=O J 
where 
\) = v 
'lfng ' v = 0 , 1 , 2 ' . . . (8) 
In our notation, Tg is the transmittance in the geometrical 
optical limit, T (visible) is the transmittance in the 
12 
visible wavelength region for a coarse grid, and T(oo) is the 
transmittance at infinitely large wave numbers. The various 
expressions are useful in experimental comparisons with the 
empirical Eq.(7). 
In practice, the grid can be completely embedded in 
d . 1 . 22 a 1e ectr1c. However, there will be first and last 
surface dielectric reflectance, R, losses reducing the 
transmittance by the multiplying factor (l-R) 2 . Hence, 
this factor must also be included when the grid is embedded 
in a dielectric such as polyethylene, paraffin, epoxy, etc. 
The empirical expression for the transmittance depends 
only on V = 'IT(ngv) and k = (2a/g) as expected. However, 
our technique has the drawback of givi?g only T(v) at certain 
v's for a given grid and dielectric. This can be overcome by 
combining our results with the semi-empirical results of 
Ulrich. 13 Ulrich made up electric circuits and then used 
the electromagnetic-transmission line analog. These equiv-
alent circuits had transmittances in the long wavelength 
region which are very close to the measured transmittances 
of. grids. The transmittances (and reflectances) could be 
computed in terms of the characteristic impedance, Z , and 
0 
reduced frequency, w , of the equivalent circuit. Ulrich 
0 
(his Table 3) for the inductive grid, with zero losses, 
gives 
T = 1 (9) 
or 





If one goes through the transmission line - electrical 
anal~gy to treat the case of an optical element in a non-
absorbing medium of index of refraction n, the transmission 
coefficient, T, in terms of the admittance (in Ulrich's 
notation) is 
'I = 
1 ( 12) 
l+(Y/n) 
(See the Appendix A for an outline of the derivation.) So, 
for a lossless. grid (zero real part of the admittance), 
the transmittance is 
T = 1 2 l+(Y/n) 
Then the transmittance of an inductive grid in a non-
absorbing medium becomes 
(13) 
13 
T = 1 (14) 
Pursuing experimental data (presented in the next section) 
in the long wavelength region, the empirical Eq. (7) is 
fairly accurate for V = 1. With w = ngv and at V = 1, one 
has wV=l = [1/~] with 
T = [ 2 ( 1-k) ] 4 (3) 4 ( 1-k) 2 . 
V=l 3-k 2 (15) 
Equating Eq.(l4) and Eq.(l5), the impedance is found to be 




0 [(1- ~) 4 
- 1 
(1-k) 6 
The experimental Z can be determined from Eq. (10) with the 
0 
understanding that dielectric surface reflection losses are 
not included in T. 
Following Ulrich, 13 we chose for the experiments an 
w0 equal to unity. Averaging Z values, for w = 1, found 0 0 
from transmittances for which 0.2 ~ ngv ~ 0.7, we obtained 
the x's inside the circles in Fig. 5 for grids in air. The 
x's are Ulrich's data for grids in air. The dots are for 
grids in black polyethylene (n = 1.5). The solid lines are 
based on Eq.(l6). The w = 0.88 equation seems to fit the 
0 
data better than w0 = 1.0 for. grids in air. If one locates 
14 
FIGURE 5 
k = 2a/g VERSUS Z FOR INDUCTIVE GRIDS. 
. 0 
Plot of k = 2a(g versus Z0 for inductive 
grids. Solid lines are empirical from 
Eq.(l6). The x's are from Ulrich's 
experimental work and the x's in circles 
are new data fro• UMR. Both sets of data 
are for grids in air. The dots are UMR 
data for inductive grids embedded in black 
polyethylene slabs molded at 90°C from a 
powder (n = 1.5). All experimental points 


















































































t ric 1 
i.ilt :r 
$:1 t r t 
l 
f' 1 l 
• IC:*ii 
11!1. ill HI 




out 15 grids, 3 •7 , 9 • 10 • 13 
urad. = 0.88 is a 
ture calculations of 
• .88. For the black 
t best fit 
t . We s all return to this point 
nt srid fi l te:rs. Thus, the 
~ r~ with e approximate 




1 g th 
t 
u i 
do ng this 
s~ ~.:: ~; 
aha .)} n 
en~ 
tan solv 
. ( 9) where (1.1 :.: 0.88 
0 
are pnlsented in the 
r Z for V = 2 as 0 
one has two equations 
simultaneously. The 
in e endent of n) r 0.05 < k < 0.5 . 
• bu n t clos enough for accurate 
lll( 0.88 was used, and 
betv en the a itrary value 
ca are the experimental trans-
with a Beckman FS-720 Michelson 
t:.h our i cal uation and Ulrich's 
in the electrical anal calcula-
tions, we use Z as determined by our combined Eq. (16) 
0 
with w0 = 0.88. The three results are presented for grids 
with k = (2a/g), values from 0.093 to 0.431 for grids in 
air, Figs. 6-10. For grids embedded in black polyethylene 
(n = 1.5) the data are presented in Figs. 11 and 12 for 
k = 0.172 and 0.414, respectively. In each of the Figs. 
(6- 12) the x's are empirical (Eq.(7)), the circles are 
from Eqs. (9), (11), and (16) with wo = 0.88, and the solid 
line is from experimental data. T is given by (l-k) 2 . g 
Studying the curves, one can see that around Cngv) !:! 
0.5 all curves are in fairly. good agreement. The empirical 
equation is interpolated between the calculated points by 
a subjectively drawn curve. The greatest weakness of the 
17 
empirical equation is that it doesn't. go to zero with 
decreasing v. However, as k gets larger the v = 0 intercept 
decreases. The major peak is fairly well accounted for in 
the empirical equation, but the high order peaks are correct 
only for small k's. The electrical-analog theory does well 
in its region of application~ i.e., for ngv = w < w • The 
0 
electrical circuit analogy does very well for v approaching 
zero. So, one of the main achievements of the empirical 
equation is to have another way 13 of calculating Z . 
0 
When the grid in black polyethylene has its peak 
transmittance at a wavele~gth past 500 microns, the black 
1 h 1 b . 26 . b po yet y ene a sorpt1on was not apprec1a le. For those 
cases, the peak transmittance wavelengths, upon embedding 
FIGURE 6 
T/T AND TRANSMITTANCES VERSUS ~gv OF 
.g 
90 L.P.I. ELECTROFORMED INDUCTIVE GRID 
IN AIR. Plot of T/T and transmittance, 
_g 
T, versus ngv for 90 L.P.I. electroformed 
inductive grid in air with k = 0.093, 
g = 279 microns, 2a = 26 microns, and 
n = 1. x's are empirical, Eq. (7); the 
circles are from Eqs. (9), (11), and (16) 










T/T AND TRANSMITTANCE VERSUS ngv OF 
.g 
200 L.P.I. ELECTROFORMED INDUCTIVE GRID 
IN AIR. Plot of T/T and transmittance, 
.g 
T, versus ngv for 200 L.P.I. electro-
formed inductive grid in air with k = 
0.120, g = 127 microns, 2a = 15.2 microns, 
and n = 1. x's are empirical, Eq.(7); the 
c i r c 1 e s are from E q s . ( 9 ) , (11) , and (16) 















T/T AND TRANSMITTANCE VERSUS ngv OF 150 
.g 
L.P.I. ELECTROFORMED INDUCTIVE GRID IN 
AIR. Plot of T/T and transmittance, T, g 
versus ngv for 150 L.P.I. electroformed 
inductive grid in air with k = 0.172, 
g = 169 microns, 2a = 29 microns, and n = 1. 
x's are empirical, Eq.(7); the circles are 
from Eqs.(9), (11), and (16) with w0 = 0.88; 
















































T/T AND TRANSMITTANCE VERSUS ngv OF 150 
.g 
L.P.I. WOVEN WIRE CLOTH INDUCTIVE GRID 
IN AIR. Plot of T/T and transmittance, T, 
.g 
versus ngv for 150 L.P.I. woven wire cloth 
inductive grid in air with k = 0.349, g = 
176 microns, 2a = 61.4 microns, and n = 1. 
x's are empirical, Eqs. (7); the circles are 
from Eqs.(9L (11), and (16) with w = 0.88; 
0 
the solid line is from experimental data. 
0 
-----T-0-~~, \ / I X ( ~ 










































T/T AND TRANSMITTANCE VERSUS ngv OF 
.g 
200 L.P.I. WOVEN WIRE CLOTH INDUCTIVE 
GRID IN AIR. Plot of T/T and trans-
.g 
mittance, T, versus ~gv for 200 L.P.I. 
woven wire cloth inductive. grid in air 
with k = 0.433, g = 134 microns, 2a = 
58 microns, and n = 1. x's are empir-
ical, Eq.(7); the circles are from 
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in polyethylene, were shifted experimentally by 1.50 + 0.1 
compared to the grids in air. Recall for black poly-
25 
ethylene that n = 1.5. 
Unfortunately, black polyethylene was used for the 
dielectric in obtaining the data for Figs. 11 and 12. 
Black polyethylene is a Rayleigh absorber as shown by 
25 Blea, et al. and for large (ngv) poor agreement between 
theory and experiment must be expected. Nevertheless, at 
small (ngv) the agreement between theory and experiment 
is gratifying. 
An explanation concerning the ordinate in Figs. 11 
and 12 is in order. 2 The (1-R) factor is to account for 
the reflection losses at the front and back of the poly-
ethylene slabs containing the grids. 
C. Choosing an Optimum k = (2a/g) 
An optimum k depends upon the use of the grid. There-
fore, Figs. 13-15 present (T/T ) versus ngv for 0.05 < k < g 
0.90. Electroformed grids 24 frequently fall in the range 
of k values for Fig. 13. Woven cloth grids 23 have k's 
typical for those used in Fig. 14. It can be seen that 
23 
the best finesse occurs for 0.25 < k < 0.35 when considering 
the central peak around ngv = 0.84. So, wire cloth. grids 
seem to be a good choice for a filter made of one grid. The 
thickness of the screen and the details of the weave will 
change the results. However, experimentally (see Figs. 9 
and 10) the finesse for cloth is better than the empirical 
FIGURE 11 
T/T AND TRANSMITTANCE VERSUS ngv OF 
.g 
150 L.P.I. ELECTROFORMED INDUCTIVE 
GRID IN BLACK POLYETHYLENE. Plot of 
T/T and transmittance~ T~ versus ngv 
.g 
for 150 L.P.I. electroformed inductive 
grid in black polyethylene with k = 
0.172~. g = 169 microns~ 2a = 29 microns~ 
and n = 1.5. x's are empirical~ Eq.(7); 
the circles are from Eqs.(9), (11), and 
(16) with w = 0.88; and the solid line 
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T/T AND TRANSMITTANCE VERSUS ngv OF 
_g 
70 L.P.I. WOVEN WIRE CLOTH INDUCTIVE 
GRID IN BLACK POLYETHYLENE. Plot of 
T/T and transmittance~ T, versus ngv 
_g 
for 70 L.P.I. woven wire cloth indue-
tive_ grid in black polyethylene with 
k = 0.414, g = 370 microns, 2a = 153 
microns, and n = 1.5. x's are empir-
ical, Eq.(7); the circles are from 
Eqs.(9), (11), and (16) with w = 0.88; 
0 



































































































equation would predict. There must be an optimum grid 
thickness and grid material which should be investigated 
and balanced against losses. 
For multielement grid filters the optimum k values of 
the individual grids is not as easy a question to answer. 
The multielement grids act as asymmetric Fabry-Perot 
•t• 1 d d . . 13,22 cav1 1es coup e an 1n ser1es. For a given set of 
spacers and g's, one might use the present results and 
compute the overall transmittance of the multielement grid 
filter. Varying k the calculations could be carried out 
using the theory to be presented in the section on multi-
element filters. 
The long wavelength extinction is strongly exhibited 
in Fig. 15. The peaks broaden and shift to large vas k 
increases. So as a grid is closed in with metal, Eqs.(7) 




T/T(v = oo) VERSUS ~gv FOR 0.05 < k < 0.25. 
Plot of T/T(v = oo) versus ~gv for 0.05 < 
k < 0.25 usi~g Eq. (7), dots are k = 0.05, 
x's are k = 0.10, circles are k = 0.15, 
squares are k = 0.20, and triangles are 






























































































































T/T(iJ = oo) VERSUS ng'V FOR 0.30 < k < 
0. 45. Plot of T/T('V = oo) versus ng'V 
for 0.30 < k < 0.45 using Eq.(7), dots 
are k = 0.30, x's are k = 0.35, circles 






















T/T(v = ~) VERSUS ~gv FOR 0.50 < k < 
0.90. Plot of T/T(v = ~) versus ngv 
for 0.50 < k < 0.90 USi?-g Eq.(7), dots 
are k = o.so, x' s are k = 0. 60' circles 
are k = 0.70, squares are k = 0. 80' and 






III. MULTIELEMENT GRID THEORY AND EXPERIMENT 
A. Theory (after Airy) 
In order to derive the transmittance of a three or 
four element grid filter, we will follow Airy's ideas as 
presented by Stone for the two grid filter. 18 Airy derived 
the transmittance of what later developed into an asym-
metric Fabry-Perot etalon. That treatment completely 
describes the two element, asymmetric filter. For the 
three grid problem refer to Fig. 16. The solid lines 
represent grids. The outer grids are labeled ~ and the 
middle grid is designated @. All grids are separated 
by a spacing S. At infinitesimal distances from the grids, 
planes I through V are indicated by dashed lines. The 
grids are embedded in a non-absorbing medium of index of 
refraction n. The phase angle, SS, for a wave to go a 
distance S is defined with S given by 
(3 - 2Tin\! (17) 
where \! is the wave number. The electric fields for waves 
going in particular directions at planes I and V are shown 
on Fig. 16. Each grid element has equal interior and 
exterior complex reflection and transmission coefficients 
. 33 13 given by r and t., respect1vely. ' We want to compute 
j J 
the overall complex transmission coefficient, for normal 




OPTICAL DIAGRAM OF A THREE ELEMENT 
MULTIGRID FILTER. Electric fields 
at infinitesimal distances from the 
. grids are lebeled for the Poynting 
































































By successively considering the fields at the five planes, 
I through V, one may write 
EA+ = tlEO + rlEA_ 
EA_ = EB- e 
iSS 
EB+ = EA+ iSS e , 
EB_ = r2EB+ + t2EC_ 
Ec+ = t2EB+ + r2EC_ (19) 
Ec- = ED_ e 
iSS 
En+ = Ec+ e 
iSS 
ED_ = rlED+ 
' 
and 
Combining the nine equations in Eq. (19), one has 
(20) 
Now the complex reflection and transmission coefficients 





t = t e TJ j 0 j 






t 2t iSS 1 2 e 
(2 2) 
(23) 
( 2 4) 
(2 5) 
for thin~ lossless~ inductive grids. For inductive grids 
with no absorption13 (W-rz - wr 2 ) = TI/2 since [tan-l x 
-1 
- tan 1/x] = TI/2. In order to reduce the complexity~ it 
is then advant~geous to derive the transmittance given by 
T 
-
-r-r* . (26) 
We may define 
G2 
= (1 + Rl) (2 7) 
where 
R. * 2 = r.r. = rOj J J J (2 8) 
and 
T. * 2 = T.T. = to j . J J J (29) 
33 
Then we have 
(30) 
The denominator, D, is found to be 
where 
( 3 2) 
The factor (l-R) 2 is put in to account for first and last 
surface reflection losses of the dielectric slab in which 
the multigrid filter is embedded. The first surface 
reflectance is given by R = [(n-l)/(n+l)] 2 . Equation (30) 
can be used to compute the overall transmittance of the 
three element filter as a function of wave number v. All 
parameters are available if the complex reflection and/or 
transmission coefficients of the equally spaced grids are 
known. The comp 1 ex coe ffi ci ents for a single grid are 
related by 
r. = T. - 1 . 
J J 
(3 3) 
Th 1 f . . b . k 33,13 h h e va ue o T. 1s g1ven y prev1ous wor ; ence, t e 
J 
response of the multielement grid filter may be computed 
from first principles. That is, only n, S, the periodicity 
dimension of the grids, g., and the width of the metal in 
J 




For purposes of computation, if the partially reflecting 
surfaces are grids, it is easiest to use the combination of 
Bell and Romero's and Ulrich's earlier work. 14 • 33 • 13 The 
long wavelength characteristics of single element grids are 
adequately described by Ulrich's equations for inductive and 
capacitive grids. 13 If it is an inductive grid in a dielec-
tric of refractive index, n, the work of Bell and Romero 33 
shows that the only two necessary parameters, z0 j and 





k •J 4 
- J -3 
with w = 0.88. The ratio (2a./g.) equals k. and this 
0 J J J 
w ' 0 
(34) 
parameter along with g. completely describes the jth grid 
J 
in the fi 1 ter. The reduced frequencl 3 is given by 
where v is the wave number. 
13 Experimentally, one may obtain z0 j from 
by knowing nand gj' assuming w0 = 0.88, and measuring 
T. near the wave number of expected filter operation. 
J 




reflection losses of the dielectric from T .. 
J 
When combining the work of Ulrich 14 , 13 and Bell and 
Romero 33 one must be careful to change the signs of the 
reflection phase angles in going from one paper to the 
other. Ulrich's equations are derived for plane waves 
of phase (-i(kx- wt)], and Bell and Romero's equations 
are derived for [+i(kx- wt)], which gives rise to the 
discrepancy between the two papers of a minus sign in the 
reflection phase angle results. The simplest adjustment 
is to change +~rl and +wrz to -wr 1 and -~r 2 , respectively. 
Equation (30) and the defining equations for the 
parameters are complete enough to calculate T; however, 
qualitative ideas can be seen better by using approximations. 
As noted by Ulrich the resonant transmission r~gion of the 
multielement. grids occurs at low wave numbers for the 
individual grids. For the individual grids, one is so far 
below their individual resonant wave number that the 
transmission coefficient t 0 j is small and the reflection 
coefficient r 0 j approaches unity. Thus, assume 
( to. )2 T. ~ = _J 
r 0 . R. J J 
<< 1 . 
It follows that (one needs only to be concerned with the 
middle grid) F~ =I. Using this approximation, Eq.(31) 
can be rearra~ged as 
(37) 
D 0: ~ - 4(R1R2)\ + 6R1R2 + 4 (R R ) ~ 2 2 1 2 + RlR2 
~ 
sin2x] sin20 [1 - 2(R1R2) - RlR2 + 16R1R2 ~ + 2(R1R2) 
for low wave numbers. 
Maximum transmittance, T , for the multielement 
max 
grid can occur when the denominator is a minimum which 
holds for 
X= mTI, m = 0, + 1, ... 
The other possibility for minimizing Eq.(38) exists for 
(38) 
(39) 
x o: (m'TI/2), m' = 1, 3, 5, ... which first occurs for wave 
numbers about 3/2 times the wave number of the principal 
resonance m = 0. 
Consider a single Fabry-Perot etalon with one side 
formed by. grid 1 and the other by grid 2, i.e., the 
37 
asymmetric etalon. The condition for maximum transmittance 
as a function of E (Stone's notation 18 ) is the same condition 
as for X in Eq.(39). Thus, as far as the phases are con-
cerned, the three grid multielement filter is the same as 
two identical asymmetric Fabry-Perot etalons in series. 
Note that the index of refraction affects the optical path 
and the expression for the impedance. 
38 
In the far infrared, one is working with large spacer 
dimensions (0 1 mm to s 1 ) 
. evera mm . From Eq.(39), the spacing 
control is not critical. For modest-band-pass filters with 
medium finesse~ variations in S of the order of 10% are not 
important. This eases the fabrication problems considerably. 
The derivation of the transmission coefficient of the 
four element filter follows the same procedure. The result 
is 
(40) 
-1 2 2 2 iS(2S 1+S 2 ) 2 4 iS(2S 1 +S 2) 2 4 iS(2S 1 +S 2) 
+2r1 r 2 t 2 e -r1 r 2 e -r1 t 2e 
It is assumed that the two outer interfaces are identical 
with indices 1 and that the two inner interfaces are 
identical with indices 2. The two outer spacer distances, 
s 1 , are equal. The middle spacer distance is s 2 . (Ulrich 
had s 1 = s 2 = S, and in computing the transmittance we have 
done the same.) Equations (33)-(36) can be used for the 
constants if inductive grids are used for the reflecting 
surfaces. 
Thus, the theory for the two, three, and four reflecting 
interface filters all follow interference phenomena. The 
reflecting surfaces may be inductive. grids, in which case 
Eqs.(33)-(36) can be used to obtain the constants. 
39 
B. Experiments 
1. Three Grid Filter. 
There is no point in experimentally rechecking the 
symmetric Fabry-Perot etalon as Dowli~g, 36 Renk and Genze1, 31 
Ulrich, 14 and Yoshin~ga, 15 amo~g others, have performed 
those experiments. Presently a useful asymmetric two 
element Fabry-Perot etalon is bei~g experimentally investi-
gated. The theory is based on the presentation in Stone's 
book. 18 
The three element grid filter was studied in two 
dielectric media, vacuum with n = 1 and black polyethylene 
with n = 1.5. Ulrich made excellent three element. grids 
14 
and measured their transmittance in a vacuum. So, we 
have used his data for the three grid filter with n = 1. 
For a filter in black polyethylene with n = 1.5, we have 
fabricated our own filters and their fabrication is dis-
cussed in Appendix B. 
Figure 17 is a plot of a three element grid filter 
transmittance versus wave number .. The solid line is from 
. hI . d . h. F. 5 14 Ulr1c s exper1ments presente 1n 1s ~g. . . The dashed 
line is our theoretical result based on Eq.(30) with the 
reflection phase angles changed in sign in Ulrich's 
notation. In order to compute the phase a~gles of the 
individual grids, we used Ulrich's electrical analog 
. 33 13 
equat1ons. ' These a~gles may be found in Ulrich's 
Table 3 (we set the resistance R equal zero). For the 
FIGURE 17 
TRANSMITTANCE OF A THREE ELEMENT GRID 
FILTER IN VACUUM VERSUS WAVE NUMBER. 
Solid line from Ulrich's F~g. 5. Dashed 
line from the theory of Eq.(31). For 
the theory, n = 1,. g1 =51 microns, 
. g2 = 25 microns, k1 = 0.22, k2 = 0.32, 
w = 0.88, 201 = 0.97, 202 = 0.62, and 0 
s = 58 microns. At 79cm-1, Tl = 0.165 
and T2 = 0.0197 as determined experi-
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= 0.88, n = 1, g 1 = 51 microns, g = 25 2 
microns, k 1 = 0.22 and k 2 = 0.32. From Fig. 6 these k 
41 
values would imply z01 = 1.60 and z02 = 1.04. However, these 
impedances produced transmittance values which were in poor 
agreement with experiment. Fortunately, Ulrich 14 gave the 
transmittance of each grid at 79cm- 1 . With T1 = 0.165 and 
T2 = 0.0197, Eqs.(37) and (38) for w0 = 1 yield z01 = 0.97 
and z02 = 0.62. With impedances based on the transmittances 
of the individual grids, we then obtained the three grid 
filter transmittance exhibited by the dashed line in Fig. 17. 
The transmittance was computed for each spacing between 
grids from SO to 70 microns, and the best fit was found for 
S =58 microns. Ulrich used 51 + 2 micron spacers, and his 
grids were about 5 microns thick. Since the theoretical 
treatment assumed zero grid thickness, a theoretical spacing, 
S, of 
S ~ [(spacer thickness) + a(grid thickness)] 
where 
a ~ (1 to 2) 
seems reasonable consideri?g multiple internal reflections 
within the cavity. 
From the comparison of the two curves, the general 
features axe accounted for by the theoretical treatment. 
The predicted resonance transmittance is somewhat higher 
than the experimental values. This may be due to the 
neglect of absorption and the detailed shape of the 
individual grids. Even the high frequency resonance near 
-1 
150cm is present in the theoretical calculation. One 
should consider that the resonance frequency of the first 
grid (g 1 = 51 microns) should be near 160cm-l and that the 
electric analog equations should not be used above the 
resonance frequency. 14 , 33 • 13 With these thoughts in mind 
the agreement is good. If one wishes better agreement, z0 . 
. J 
42 
could be computed at each wave number based on transmittance 
measurements of the individual grids. 
In order to study the three. grid filter in a dielectric, 
we embedded the grids in black polyethylene (n = 1.5) as 
described in Appendix B. The transmittance measurements 
were made on a Beckman FS-720 Fourier Transform spectropho-
tometer. 26 37 Black polyethylene is a Rayleigh absorber, ' 
which eliminates unwanted visible and near infrared wave-
lengths as far as 200 or 300 microns for thicknesses of the 
order of one or two millimeters. This absorption was useful 
for the fabrication of very compact filters. However, for 
filter systems in which the absorbers can be removed from 
the three or four element filter, natural polyethylene, 
ff . 38 b b tt para 1n, epoxy, etc., may e e er. The absorber between 
the grids reduces the finesse of the Fabry-Perot type devices. 
We have made studies of various amounts of absorbers between 
the. grids and can discuss the results with any reader who 
needs to pursue the problem. We have effective complex 
43 
indices of refraction as a function of the amount of absorber. 
For rocket flights we had to put the absorber near the grids; 
for other experiments, we do not recommend this procedure. 
With the black polyethylene absorption in mind the 
reader is referred to Fig. 18. The solid line is the experi-
mental transmittance versus wave number of a three grid 
filter embedded as described in Appendix B. The parameters 33 
are n = 1.5,_ g 1 = 370 microns, g 2 = 169 microns, k 1 = 0.060, 
and k 2 = 0.172. The spacing distance, S, was approximately 
230 microns and was not closely controlled. From these 
values of kj and n and using Fig. 5, one would compute z01 = 
2.76 and z02 = 1.33 for w0 = 0.88. In Fig. 18 the dashed 
line is based upon the theory with the above parameters 
except that S = 254 microns gives the best fit. Because the 
-1 
smallest w = ngv is at v = 16cm for grid 1, the theoret-
o 
-1 ical treatment should not be relied upon for v ~ 16cm . 
However, fairly good agreement between theory and experiment 
is found up to v ~ 25cm- 1 . For grid 2 one has w0 = ngv at 
-1 v = 35cm . Thus the upper limit of the region of agreement 
for the mult~grid theory and experiment seems to be between 
the v. = [w /(ng.)] for the two individual grids. It should J 0 . J 
be emphasized that the theoretical curve is based only on a 
knowledge of g., a., n, and S as presented in this work. 
. . J J 
The experimental half-width is larger than the 
theoretical half-width. The disagreement is probably due to 
absorption and distortion of the electroformed grids upon 
FIGURE 18 
TRANSMITTANCE OF A THREE ELEMENT GRID 
FILTER IN BLACK POLYETHYLENE VERSUS 
WAVE NUMBER. Solid line is experimental. 
Dashed line is from the theory of Eq. (31). 
For the theory n = 1.5,. g1 = 370 microns, 
. g2 = 169 microns, k1 = 0.060, k2 = 0.172, 
w0 = 0.88, z01 = 2.76, z02 = 1.33, and 






























































embedding them in the black polyethylene. The peak trans-
mittance for S = 254 microns is within the measurement error 
and with the grid thickness correction not being included in 
the experimental value of 230 microns. The minimum for high 
values of the wave number is located correctly, but the 
experimental transmittance is about twice the theoretical 
value. This is probably an example of not having made the 
grids perfectly. However, -1 at 22cm the agreement is quite 
good in that the slight leveling of the transmittance is 
predicted. 
The filter whose characteristics are shown in Fig. 18, 
39 
was made for rocket astronomy. It was pre-specified that 
the filter would have a peak transmittance near lOcm- 1 . With 
the individual grids immediately available for the project 
(i.e,, g 1 = 370 microns, g 2 = 169 microns) the spacing of 
about 270 microns was chosen. After making the filter, we 
measured a spaci~g of about 230 microns and evidently, from 
the theoretical fit of the data, had about [254- 1.5(5 to 
10)] = (246 to 239) microns. But, if one wished to make an 
. f.l 14 . h . 'd h s h ld b b opt1mum 1 ter w1t a. g1ven gr1 t en s ou · e a out 
equal to g 1 (even when embedded in a dielectric). 
Usi~g the same set of individual grids used in the 
filter whose transmittance is shown in Fig. 18, we have 
computed the transmittance versus wave number for different 
spaci~gs for a three grid filter in black polyethylene. The 
results are presented in F~g. 19. For 254 < S < 400 microns 
a filter is made for any S. However, the finesse is best 
for S ~. g1 ~ 370 microns. So in designing a h~gh finesse 
multigrid filter, one should chooseS~ g 1 . Nevertheless, 
sometimes band-width control is desired and various S and g 
values should be tried in Eq. (31) to make the best choice. 
In order to prove experimentally that one could shift 
the resonance wave number and half-width with only a 
variation of S, we made another three element mult~grid 
filter in black polyethylene. The individual grids were 
identical to those used in Fig. 18. We chose a spacing of 
170 microns and obtained the experimental data represented 
by the solid line in Fig. 20. The best theoretical fit was 
46 
obtained for S = 178 mfficrons. Considering the neglect of the 
grid thickness and spacer thickness measurement errors, the 
agreement is excellent. From E~g. 20, it may be seen that 
the overall agreement between theory and experiment up to 
-1 
about 28cm is acceptable. 
For the rocket astronomy experiments, a complete filter 
cap had to be made that would transmit only a modest band-
-1 
width at 11 em . It had to function at liquid helium temp-
eratures and the filter material could only be 0.03 inches 
thick. 
In order to make such a filter, we fused a Yoshin~ga 
filter and glued a capacitive grid to the multielement filter 
described by the data in Fig. 18. Figure 21 is a plot of the 
transmittance of the isolated capacitive. grid used. It was 
FIGURE 19 
THEORETICAL TRANSMITTANCE OF A THREE 
ELEMENT GRID FILTER VERSUS WAVE NUMBER. 
Theoretical transmittance versus wave 
number for a three element_ grid filter 
with n = 1.5,_ g1 = 370 microns, g2 = 
169 microns, k 1 = 0.060, k 2 = 0.172, 
w0 = 0.88, z01 = 2.76, z02 = 1.33. 
Dashed line, S = 400 microns; solid line, 
S = 370 microns; dots, S = 300 microns; 
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FIGURE 20 
TRANSMITTANCE OF A THREE ELEMENT GRID 
FILTER IN BLACK POLYETHYLENE VERSUS 
WAVE NUMBER. Solid line is experi-
mental. Dashed line is from the theory 
of Eq. (31). For the theory n = 1.5, 
. g1 = 370 microns,. g2 = 169 microns, 
kl = 0.060, k2 = 0.172, wo = 0.88, 
























































TRANSMITTANCE OF A 127 L.P.I. ELECTRO-
FORMED CAPACITIVE GRID VERSUS WAVE NUMBER. 
Experimental transmittance versus wave 
number of a capacitive. grid on 38 microns 
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50 
put on to reduce the peak transmittance at 2lcm-l in Fig. 3. 
The grid 33 , 35 had g = 232 and 2a = 63 microns and was on 
38 micron thick mylar. This mylar is much too thick and 
causes appreciable absorption where the electromagnetic field 
lines bunch. 13 Thinner (2.5 micron) mylar is available from 
the E. I. DuPont de Nemours Co. 40 and can be furnished to the 
Buckbee-Mears Co. 24 who made the rather expensive ($600 for 
6 by 6 inches) capacitive grid of gold on mylar. To combine 
it with the multigrid filter, it was placed with the gold 
facing away from the multigrid filter. To bond mylar to 
polyethylene for low temperature work we used about 0.001 
inch of GE 7031 glue 41 over the entire surface. The trans-
mittance of the glue is plotted in Fig. C.l for a 0.010 inch 
sample at room temperature. 
The Yoshinaga filter used is described in Appendix C. 
We used the filter whose data is given in Fig. C.2 for a 
weight ratio of 1.1 parts KRS-5 powder to black polyethylene. 
The final results are presented in Fig. 22. In Fig. 22 
are plotted the normalized experimental transmittances versus 
wave number for the combined multigrid, glue, capacitive grid 
and Yoshinaga filter. The total thickness was 0.026 inches. 
The room temperature data had a peak transmittance of 14 per-
-1 
cent (dashed line), but had no leakage anywhere below 50cm . 
The liquid helium peak transmittance was ~0 percent (solid 
line), but with some leakage to about 34cm- 1 . Phonon sharp-
ening in the KRS-5 principally accounts for the difference 
FIGURE 22 
NORMALIZED TRANSMITTANCE VERSUS WAVE 
NUMBER FOR THE THREE ELEMENT GRID 
FILTER OF FIG. 18 WITH THREE OTHER 
FILTERS. Experimental normalized 
transmittances versus wave number for 
the three element_ grid filter (Fig. 18) 
with a KRS-5 powder filter 0.085 inch 
thick of Fig. C.2 for a weight ratio 
of (1.1) of KRS-5 to black polyethylene, 
with 0.001 inch GE 7031 glue whose trans-
mittance is plotted in Fig. C.l, and the 
capacitive_ grid of F~g. 21. Solid line 
is for liquid helium temperatures, T = 
max. 
20 percent. Dashed line is room tempera-
ture, T = 14 percent. 
max. 
























































in the two curves. 
-1 The wave number range between 75cm (see Fig. B.2) and 
-1 200cm where the black polyethylene becomes transparent was 
not important because an InSb detector was used with the 
filter. 42 • 43 , 44 Rollin or InSb detectors are not sensitive 
-1 
above 200cm except in the photoconductive region in the 
near infrared. The near infrared was eliminated by the 
26 37 black polyethylene. ' 
So a modest band-width filter system was made with peak 
-1 transmittance at 11 em . For the compact filters, the 
greatest possibility for improvements is to use thinner mylar 
for the capacitive grid and to vary both S and g. in Eq. (31) 
J 
to predict the optimum values. 
2. Four Grid Filter. 
Using the same individual grids that were used for the 
three grid filter, Ulrich 14 made a four grid filter which 
had improved rejection in transmittance at the sides of the 
-1 80cm resonance. The three and four grid filters are com-
pared in Ulrich's Fig. 5. 
In Eq.(40), we have the equation for the transmission 
coefficient from which we computed the transmittance of the 
four grid filter. In Fig. 23, we compare the optical theory 
with his experiments. Ulrich used S = 51 + 2 microns, and 
we find the best fit for S = 58 microns. The theoretical 
fit is reasonable for the sides of the resonance. The double 
resonance around 80cm-l in the theory is a very sensitive 
FIGURE 23 
TRANSMITTANCE OF A FOUR-ELEMENT GRID 
FILTER IN VACUUM VERSUS WAVE NUMBER. 
Solid line is Ulrich's experimental 
data from his Fig. 5. The dashed 
line is theoretical based on Eq. (49) 
with n = 1, g 1 = 51 microns, g2 = 25 
microns, k 1 = 0.22, k2 = 0.32, w0 = 
0.88, z01 = 0.97, z02 = 0.62, and S = 
58 microns. -1 At 79cm , T1 = 0.165 and 
T2 = 0.0197 as determined experimentally 
by Ulrich. 
0 0 N 0 11) 





































function of the spacing S. Cha~ges inS of the order of 
one micron make drastic changes at both 80 and 160cm- 1 . 
So, any disagreements between theory and experiments can 
easily be ascribed to less than 2 micron variations in S 
which were the limits of Ulrich's control. Actually, the 
variations in S have smoothed the resonance at 80cm-l and 
made a better band-pass filter. Just changing S to 
60 microns improves the fit near 160cm- 1 . As for the three 
grid filter, the best theoretical S is approximately given 
by 
S = ((spacer thickness) + a(grid thickness)], 
where 
a~ (1 to 2). 
54 
IV. CONCLUSION 
An approximate mathematical representation of the 
transmittance of an array of square openings was found 
in the far infrared. The equation shows the shift in 
wavele~gth with varying_ grid parameters. In fact, a. grid 
is completely described by the two parameters k : (2a/g) 
and (ngv). 
Diffraction theory is correct in the visible ra?ge 
of wavele~gths (see Figs. 3 and 4). The theory is quite 
useful in studying the quality of the grids and can be 
used to determine the. grid parameters. 
The empirical equation for the far infrared was 
extended into the case for which the grid is embedded in 
a dielectric. The results were experimentally checked. 
The ~greement between the equations and experiments for 
long wavelengths is satisfactory. 
The empirical equation was also combined with Ulrich's 
electrical analog ideas. The impedance, Z , can be cal-
o 
culated from the empirical equation and agrees fairly well 
with experiment, F~g. 5. Then, for long wavelengths, the 
transmittances as determined by experiment, the empirical 
equation and the electrical analog were found to ~gree. 
Finally, optimum k values for various applications 
were shown to exist (Figs. 13-15). Good finesse can be 
obtained for k's near 0.30. Better grid finesse m~ght be 
possible if an optimum thickness and material are found. 
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It is hoped that the empirical Eq. (?) can be used to 
help check any electromagnetic vector solution to be found 
in the future. The impedance as fou,nd in Eq. (16) is of 
importance for future research with multigrid filters as 
described by Bell, Romero, and Blea. 22 
The multigrid theory for inductive grids is in 
excellent agreement with experiment. Checks with three 
and four grids in vacuum14 agree over three orders of 
magnitude in transmittance. When the grids are embedded 
in a dielectric, the theory works as well. S m a 11 , rugged , 
low-temperature filters can be fabricated with black 
polyethylene. 
We have indicated how the present filters can be 
improved and have shown results of our initial efforts. 
The capacitive. grid, glue, and new Yoshinaga fi 1 t er 
components used in the combination filter are described. 
It seems that future efforts will make it possible 
to fabricate filters with peak transmittance of over 
60 percent at any chosen wave number, with some pre-
specified modest band-width, and with peak to valley ratios 
of about 100. This can be accomplished in dielectrics by 
controlling g., a., n, and S, and the results can be 
' ! J J 




A. Optical Elements in a Refractive Medium and a Shunted 
Transmission Line 
Earlier treatments 27 - 30 of the anal~gy between optical 
elements (optical discontinuities or interfaces) in an 
electrom~gnetic field and shunted transmission lines omitted 
putti~g the elements in a refractive medium. The transmis-
sion line (with distributed series impedance along the x 
direction~ z' = 1/y', and distributed shunted admittance to 
ground, y = 1/z) represents the properties of the host 
medium. A discontinuity of a local admittance, Y = (1/Z), 
shunted to. ground represents the optical element. The 
solutions of the differential equations (without Y) can be 
simultaneously solved yieldi~g a characteristic impedance 
z = (yy')-~ = 
0 
(A .1) 
describi~g the transmission line. The characteristic 
impedance terminates the initial lo~g line in parallel with 
the element of admittance Y. The parallel circuit then has 
an effective impedance~ zeff'· given by 
z z 
= 0 = Z"+Z 
0 
The voltage reflection coefficient, r " v 
(A. 2) 
is then given as 
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Yeff 1--- (Y /2d 
r = 
yo Yo (A. 3) = v y l+(Y/2) . l+ eff 
Yo Yo 
For the electrom~gnetic problem the reflection 
coefficient at a discontinuity is given by 18 (for normal 
incidence) 
r = opt (A.4) 
where ncl and nc 2 are the complex indices of refraction of 
the host medium and the optical element, respectively. The 




Consideri~g non-m~gnetic materials~ the host medium is 
represented only by the transmission line. One has by 
compari~g the transmission line differential equations and 
Maxwell's equations 
(A. 6) 
where Me 1 ~ is an arbitrary complex number in polar notation. 
The introduced complex number is put in to avoid compari~g 
an imaginary number with a complex number. In physics and 
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EE terminology, absorption is then represented by similar 
real parameters. The transmission line differential 
equations are 
dV I (A.7) = dx -y-;-
and 
dl 
= -yV . dx 
The ~axwell's equations are 
and 
iw ( i 41ra) +E 
- c:+--
c w 
. n 2 





Equations (A.7) and (A.9) are compared as are Eqs. (A.8) and 
(A.lO). It also follows from Eq.(A.6) that 
y = (A. 11) 
and all equations are self-consistent in the analogy. For 
the host medium bei~g non-absorbing and setting Mei~ equal 
to unity (as it may be regarded as an arbitrary amplitude 
factor governed by the choice of Y), we have on combining 




l+Y/(2n 1) (A. 12) 
where T is the transmission coefficient. 
v 
The Y in this work is equal 2Y in Ulrich's notation,l3 
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and for n1 = 1 reduces to Ulrich's beginning equations. The 
admittances are to be found from equivalent circuits which 
approximate the characteristics of the optical element 
(interface). For. grids embedded in a dielectric of index 
of refraction n, one may use the equivalent cirouits, 
admittance, Y~ (as in Ulrich's work) for the optical element 
in vacuum and employ Eq.(A.l2). 
B. Fabrication of Multigrid Filters in Soft Polyethylene 
The production of a mult~grid filter embedded in 
polyethylene is somewhat of a hit-or-miss proposition. We 
have about a 50 percent chance of success. The failures are 
caused by tearing the fr~gile grids or not getting the. grids 
parallel eno~gh. 
The first step is to prepare a slab of polyethylene 
which is about 10 to 20 percent thicker than .the desired 
thickness, S, for each spacer. Soft polyethylene has a net 
contraction as it cools to room temperature from above the 
melting temperature, so the slab should be somewhat thicker 
than necessary. The slab can be molded from powdered poly-
ethylene in a hot press at about 90 to 95°C .. The press jaws 
should be flat and smooth and can be spaced with shims. 
For a three. grid filter, the initial slab should be cut 
into two parts. Then with another film of polyethylene (6 or 
more thousandths of an inch thick), two identical sandwiches 
of 0 .006" polyethylene, the outer grid G), and the spacer 
slab should be assembled. The. grid can be purchased from 
Buckbee-Mears Co. 24 and will be about 0.0002 inches thick. 
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Since it is so thin, great care must be exercised in placing 
it in the sandwich. The press jaws should be closed on the 
sandwich. The shim thickness should be equal to the total 
thickness of the polyethylene within about 0.001 inch. Care 
should be used in not applying any appreciable pressure (over 
200 psi) to the sandwich itself or the grid will tear. Then, 
the sandwiches are slowly (10 minutes or longer) heated to 
90-95°C, and the jaws are firmly closed on the shims. 
On cooling (water cobled jaws are good time savers) back 
to room temperature the polyethylene will initially expand 
and then contract. When the temperature has dropped to 40°C 
the separate sandwiches can be peeled from the jaws. If they 
stick or tend to tear, an ice cube on the sandwich makes the 
job of peeling easier. Now two grids are completely embedded 
in polyethylene with one side havi~g a polyethylene thi~kness 
slightly greater than the desired Spacer thickness. It is 
wise to trim the edges. 
The final sandwich is made by placing the two initial 
sandwiches on top of each other with grid 0 between them. 
Of course, the spacer polyethylene thicknesses should be on 
the inner sides. With shims equal to the thickness of the 
sandwich, the previously described pressing, heating, 
pressing, cooli~g cycle is repeated. 
The resulti~g three element grid should be trimmed, 
and then it is ready for use. If absorbers besides carbon 
are desired they should be placed a few wavelengths away 
from the filter. However, if the situation demands that 
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h Y h . 35 f. 1 t e os ~naga type ~ ter be incorporated in the multigrid 
filter, it can be done. The Yoshin~ga filter should be 
pre-molded into the outer polyethylene piece with one pro-
viso: there should be at least a wavelength thickness of 
non-absorbing material between the outer. grid and the 
Yoshinaga filter. The final multigrid and Yoshinaga 
combination filter is in one piece. 
The final filter is flexible and usable between 0 and 
about 330 K. In order to fabricate it into caps or attach 
it to other elements, the polyethylene ean be fused with a 
soldering iron. Filter caps to fit over 1/8 x 1/4 x 0.02 
inch InSb detectors were made for rocket astronomy. 
C. Far Infrared Transmittance of Various Materials 
In order to hold the capacitive. grids securely to the 
polyethylene filters, a suitable. glue was needed. General 
Electric's 7031. glue was used because it is a good adhes·ive 
even at low temperatures, and because in one or two 
thousandths inch thicknesses it is quite transparent. 
F~gure C.l is a plot of the room temperature transmittance 
versus wave number of 250 microns of cured, self-supporti~g 
GE 7031_ glue. This is a piece of. glue about ten times 
FIGURE C.l. 
TRANSMITTANCE OF GE 7031 GLUE VERSUS 
WAVE NUMBER. Transmittance versus wave 











































thicker than necessary for bondi~g. Even this thickness of 
-1 
. glue allows better than SO percent transmittance below 33cm . 
At low temperature the phonon spectra will sharpen and the 
FIR transmittance at intermediate wave numbers probably 
increases. Since the glue has these properties and no sharp 
absorption resonances, it is a useful FIR material. 
For this project materials with low frequency rest-
strahlen were needed for use in Yoshinaga type filters. The 
thallium iodide-thallium bromide compound called KRS-5 was 
one material chosen. In F~g. C.2, the transmittance versus 
wave number of solid KRS-5 and KRS-5 powders in black poly-
ethylene are shown. The powders were sieved with at least 
a 200 L.P.I. screen and were mixed with black polyethylene 
powder before heatipg and pressi~g. Figure C.2 has the 
transmittance versus wave number for the following we~ght 
ratios (in parenthesis) of KRS-5 powder to black polyethylene; 
solid line with x's (0.25), 0.0085 inches thick; solid line 
with open circles (0.60), 0.0085 inches thick; solid line 
(1.1), 0.0085 inches thick; solid line with triangles (1.4), 
0.0065 inches thick; solid line with x's in circles - solid 
KRS-5, 0.0105 inches thick; solid line with filled circles -
solid KRS-5, 0.0167 inches thick. For large concentrations 
of KRS-5, Yoshinaga filters are excellent for 10 percent cut-
-1 
off points at about 30cm . From Fig. C.2 the top curve 
21 indicates the TO mode frequency of KRS-5 is between 40 and 
-1 50cm . 
FIGURE C.2 
TRANSMITTANCE VERSUS WAVE NUMBER OF 
KRS-5 SOLIDS AND KRS-5 POWDER ON BLACK 
POLYETHYLENE. The numbers in parentheses 
are the weight ratio of KRS-5 powder to 
black polyethylene. The solid line with 
x's (0.25), 0.0085 inches thick; the solid 
line with open circles (0.60), 0.0085 inches 
thick; solid line (1.1), 0.0085 inches thick; 
solid line with triangles (1.4), 0.0065 inches 
thick; solid line with x's in circles is 
solid KRS-5, 0.0105 inches thick; solid line 
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The KRS-5 is relatively expensive, so another long 
wavelength Yoshinaga filter material was sought. The ceramic 
engineers furnished us with some PbO-B 2o3 mixtures (80 and 20 
mole percent, respectively) in a vitreous state. The trans-
mittance versus wave number of powders of PbO-B 2o3 in black 
polyethylene are presented in Fig. C.3. The solid line with 
open circles is for a weight ratio of PbO-B 2o3 powder to 
black polyethylene of 0.25; the solid line with x's is for 
a ratio of 0.50; and the solid line is for a ratio of 1.1. 
All samples are about 0.009 inches thick. For large concen-
trations in black polyethylene (by weight) the 10 percent 
-1 
cut-off is near 25cm . Comparing Figs. C.2 and C.3, one can 
see that both KRS-5 and PbO-B 2o3 make. good absorbing mater-
ials for Yoshinaga filters. The PbO-B 2o3 mixture has an 
advantage over KRS-5 in that it does not cake and stick when 
ground with a mortar and pestle. 
Finally, a good Yoshinaga filter was sought which would 
be very opaque for wave numbers. greater than 50. By mixing 
under heat and pressure, 0.4 grams each of T~I, T~Ct, KBr, 
NaCt, BaF 2 , and LiP with 2.0 grams of black polyethylene 
powder what we term "filter 7" was made. Its thickness was 
about 0.009 inches, and its transmittance versus wave number 
is presented in Fig. C.4. The data at room temperature 
(dashed line) were taken all the way into the ultraviolet and 
no measurable flux was detected above 60cm- 1 . The room 
temperature 10 percent cut-off was at 43cm- 1 . At liquid 
FIGURE C.3 
TRANSMITTANCE VERSUS WAVE NUMBER OF PbO 
(80%) AND B2o3 (20%) VITREOUS STATE POWDER 
IN BLACK POLYETHYLENE. The numbers in 
parentheses are the weight ratio of Pb0-
B2o3 powder to black polyethylene. Solid 
line and open circles (0.25); solid line 
and x's (0.50), and solid line (1.1). All 
samples about 0.009 inches thick. 































































FIGURE C. 4 
TRANSMITTANCE VERSUS WAVE NUMBER OF 
"FILTER 7". Solid line is liquid 
helium temperature data. Dashed line 
is room temperature data. Chemicals 





















































































helium temperatures (solid line) with phonon spectra 
-1 
sharpening the 10 percent cut-off shifted to 49cm . 
"F i 1 ter 7" has about 85-9 0 percent transmittance below 
-1 
about 20cm and is very convenient for filtering with 
submillimeter multielement grid filters. Since the alkali 
halide concentration is so large in "filter 7", it was 
embedded by fusing under pressure between sheets of pure 
black polyethylene. "Filter 7" has also proved to be a 
. good replacement of hydroscopic LiF for long band-pass 
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